A combination between a reductive and a holistic assay was employed to investigate whole fraction, synergistic, antagonistic and individual compound efficacy of vacuumdistilled turpentine fractions against the economically important brown-rot fungus Coniophora puteana. The fungus was subjected to recombinations of turpentine fractions at a concentration of 1000 ppm. All combinations exhibited useful antifungal properties, but some antifungal mixtures showed a more pronounced effect than the expected level of inhibition. Synergistic effects by a two-fold factor and minor antagonistic effects were observed. Complete growth inhibition of C. puteana was observed by a fraction obtained after distilling 1 L turpentine at 111-177°C (0.5 mbar) as well as by mixing it with another fraction withdrawn at 70-79°C (0.5 mbar). Chemical compositions of distilled fractions were determined through GC-MS analysis and Orthogonal Partial Least Squares (OPLS) multivariate data analysis of GC-MS chromatograms was employed to zoom in on the most active compounds responsible for antifungal activity. Isomers of epicubenol, the hydrocarbon aromatic compound ar-himachalene and α-cadinol are suggested as effective antifungal compounds. In addition, a subsequent fractionation of the most effective fraction was performed with preparatory gas chromatography and subfractions showed similar or better efficacy than previously observed. Our work demonstrates the possibility to retain adequate synergistic antifungal efficiency and offers an opportunity to explore the effects of individual compounds originating from the same crude sample.
Introduction
The readily available methods of combinatorial chemistry [1] and high throughput screening [ [2] , [3] ] pushed phytochemicals from the spotlight and nowadays natural compounds is a frequently overlooked chemical space [4] . However, nature is a chemical factory that can produce compounds with high stereoselectivity, diversity and varying modes of action [5] . One main distinguishing feature of matrices from natural sources is their diversity in secondary metabolites [6] [7] [8] . As a result, researchers are met with a highly complex matrix, which challenges bioactivity assays [9] . With the arrival of more sophisticated analytical instruments and information extraction tools, scientists have yet again turned to nature as a potential discovery source of bioactives [10] . Even still, the evaluation, isolation and characterization of individual substances of such biologically active matrices are time-consuming and demanding. For identification of unknowns, an estimated price-tag of approximately $15 000 has been suggested [11] and oftentimes structural elucidation of known unknowns frequently occur [12] . Thus, there is a need for efficient methods that pinpoint vital areas where dereplication of matrix constituents and focused structure elucidation efforts need to occur.
Bioassay-guided fractionation followed by bioactivity assignment of complex matrices from natural sources commonly involve extensive utilization of partitioning and chromatographic techniques such as liquid-liquid extraction [13] , solid-phase extraction [ [14] , [15] ], liquid chromatography [16] and sparingly preparatory gas chromatography [17] . In contrast, usage of fractional distillation is limited due to the technique's inherent low resolution insofar as fractions end up with varying concentrations of its constituents. Separation of the natural matrix aims to reduce analytical complexity as well as boost chances of finding the bioactive component(s). However, natural extracts typically consist of more than one bioactive substance and loss of synergistic effects are frequently observed [18] . For proper bio(in)active assignment, it is therefore crucial that synergistic and antagonistic actions are all considered or at least indicated when evaluating the effectiveness of fractionated natural extracts.
Deterioration in indoor and outdoor wood due to wood-decaying fungi incurs monumental economic losses each year [ [19] , [20] ]. Heavy-metal as well as synthetic fungicide containing formulations are frequently used as impregnated or topically applied wood sentries to combat the fungal attack. The effectiveness of these compounds is unquestionable, however, many are leached to the environment where they cause harm to other species. Instead, applying biodegradable substances focused on excluding moisture in the wood, needed for fungal degradation, whilst simultaneously attacking fungal membranes is an interesting and eco-friendly solution. The identification and assessment of antifungal compounds from natural sources is therefore an active area of research [21] .
The essential oil, turpentine, is produced as a by-product obtained in large quantities by steam distillation of Norway spruce (Picea abies) from the pulp and paper industry. Turpentine contains many of the compounds utilised by trees to protect against wood-decaying fungi and repel insect attack [22] [23] [24] . As a complex mixture of natural compounds, turpentine consists mainly of low molecular weight volatiles, i.e. terpenes, stilbenoids, aromatic and aliphatic compounds [ [25] , [26] ]. Contrary to applying raw turpentine, extracting the most effective fractions is motivated in a biorefinery, and efficient use of a natural by-product, perspective. Oxygenated terpenoids, in particular, have shown to exhibit antimicrobial and synergistic, antagonistic and additive effects [27] [28] [29] . In a previous investigation by our group into the efficacy of steam distilled turpentine and subsequently fractionated turpentine, we observed both antagonistic and synergistic effect on the in vitro growth rate of the wood-decaying cellar-fungus Coniophora puteana (unpublished data).
As there are potentially monumental gains in finding synergism and likewise detrimental losses with antagonism, we aimed to devise a targeted approach towards finding the most plausible bioactive compound and its synergistic partners from vacuum distillation-fractionated turpentine. Herein, a laboratory study employing a D-optimal design and multivariate data analysis was conducted to assess compound interactions by mixing eco-friendly and biodegradable turpentine fractions and testing them against the wood-decaying fungi C. puteana. To our knowledge, this multivariate approach has not been scrutinized when screening for bioactive compounds from complex samples.
Materials and methods

Turpentine and fungal strain
Steam distilled turpentine was obtained from the thermo-mechanical pulp and paper mill SCA Ortviken (Sundsvall, Sweden). Turpentine (1 L) was previously divided into 23 fractions by vacuum distillation (see Table 1 for details). We previously assessed individual fractions of turpentine against this ubiquitous fungus on Hagem agar-plates (unpublished data). In accordance with the previous study, turpentine fractions 18-23 were selected for assessing growth inhibition of the wood-decaying fungus Coniophora puteana (KC491854.1). This fungus is one of the most damaging fungi in temperate and boreal forest areas and it is frequently associated with undesirable brown-rot, both indoors and outdoors [30] .
Experimental design
Design of experiments (DOE) is a crucial planning step and an integral preceding part in chemometric analysis. The main goal of DOE is to retrieve as much information as possible in as few experimental runs as possible. For this purpose, several different designs have been devised, e.g. full factorial, fractional factorial, central composite (axial nodes are added) and D-optimal designs [[31], [32] ]. Mixture designs present a unique constraint in that the sum of the ratios need to add up to one. This comes naturally as a concentration change in one constituent brings about a corresponding change in the other components. Not all designs can cope with such a constraint, but a D-optimal design can be used to set the sum of the ratios to 1. In addition, a D-optimal design has a lower number of runs, compared to full factorial designs when using six factors: a full factorial design has 64 runs while a D-optimal design has 28 runs. A quadratic D-optimal design was set up in MODDE 9.1 (Sartorius Stedim Data Analytics AB, Umeå, Sweden). A formulation factor between 0 and 0.75 including three technical replicates at a concentration of 1000 ppm (25 mg/plate) for a total of 32 samples was used. This concentration was selected on the basis that fractions should exhibit varying effects (unpublished data). Furthermore, each fraction on its own was added to the assay to establish baseline inhibition and to explore more of the model space, increasing the number of samples to 39. Samples were weighed and pooled gravimetrically and their ratios were recorded for in silico combination of GC-MS peak areas.
Bioassay and non-linear assessment
Turpentine fractions were added to the Hagem agar medium plates [33] , stirred and poured into 9 cm Petri dishes. From a fresh culture inoculated one week before, a 3 mm agar plug of C. puteana was put face up onto the plates' centre in a sterile laminar flow cabinet. The inoculum plug was taken from actively growing hyphae at the perimeter of the fungus. After three days of inoculation, diametrical growth was measured in millimetres daily on the hour of inoculation for four days. Coniophora puteana grown on Hagem agar without supplement of turpentine was used as a positive control.
Non-linear effects have traditionally been expressed as fractional inhibitory concentration index (FICI), e.g. [34] [35] [36] , where synergistic effects have been interpreted as (FICI ≤ 0.5); additive effects (0.5 < FICI ≤ 1); no interactive effect (1 < FICI ≤ 4) and antagonistic effects (FICI > 4). However, the magnitude of synergism using this approach is not readily apparent. Instead, we calculated the expected effect as ∑r f i e where r f is the ratio of the fraction in the mixture and i e is each fractions individual effect at 1000 ppm. Consequently, fractions were assumed to exhibit a linear dose-response from 250 to 1000 ppm. Eq. (1) was used to estimate the magnitude of interaction (MOI) as a ratio centred around the observed growth rate for mixtures (m e ). 
This approach allows a more straightforward interpretation as the magnitude will be represented by negative and positive values for synergistic and antagonistic effects, respectively.
Compound analyses
Analyses of turpentine constituents were performed by GC-MS as follows: 2 µl of fractions 18-23 were dissolved in 1 ml ethyl acetate (Ethyl acetate HPLC grade, Fluka®) and 1 µl was injected with a GC sampler 80 (Agilent, Santa Clara, California, USA) into a 7890A GC (Agilent) split/splitless inlet coupled to an Agilent CP8944 column (30 m x 250 µm x 0.25 µm) using helium as carrier gas. Mass spectrometric detection was performed using a 240/4000 ion trap (Agilent) in full scan mode 50-500 m/z with 3 min solvent delay, 2 µScans averaged with a data rate of 1.12 Hz.
The following GC program was used: Inlet 275°C, split 500, constant flow 1 ml/min of helium, temperature program 80°C → 220°C (2°C/min) → 270°C (10°C/min), with a final hold of 10 min. The resulting mass chromatograms were analysed in Agilent MS Workstation 7.0.0 MS Data Review and peaks were manually integrated. Peak area retention times were corrected manually and absolute peak areas were used to construct the mixed fractions in silico using Microsoft® Excel 2016. Putative identification of eluted terpenes was performed using the NIST 17 and Wiley9 databases in MS Data Review. Additionally, Kováts retention indices were calculated using n-alkanes C8-C20 [37] and compared with those reported in the databases.
Multivariate analysis
To gain information from DOE, chemometrics methods are often used for data interpretation and there is, in principle, a plethora of different algorithms to use for the analysis of multivariate datasets. Perhaps two of the most commonly known techniques are Principal Component Analysis (PCA) and Partial Least Squares or Projection to Latent Structures (PLS) and its extensions orthogonal PLS (OPLS) and bidirectional PLS (O2PLS) [38] [39] [40] [41] . Multivariate data analysis was performed in Simca-P 13.0.2 (Sartorius Stedim Data Analytics AB, Umeå, Sweden). Prior to analysis, variables were scaled to unit variance and OPLS models were set up with absolute peak areas of 128 peaks as x-variables and the average growth rate as y-variable. The predictability of the model was calculated by excluding observations spanning most of the space in the two first principal components. Remaining observations were fitted as a new model and the excluded observations were assigned as its prediction set. Root mean square error of prediction (RMSEP) for the new model was calculated according to Eq. (2).
Two-sample weighted (w i ) pooled standard deviation (s pool ) for expected growth rates of mixtures were calculated according to Eq. (3)
Preparatory GC
Based on the above results, the automated GC preparatory system, GC sampler 80 and a 7890A GC split (1:99) to a flame ionisation detector and a preparative fraction collector (PFC, Gerstel®) was used to further divide fraction 23 into subfractions 23.0-23.6. The following GC program was used with a CP8975 column (VF-5 ms, 30 m x 530 µm x 1 µm): 2 µl injection of fraction 23 with a concentration of 0.25 mg µl −1 (w/v). The split/splitless inlet was set to 275°C, splitless, constant flow 9.5 ml/min of helium, initial oven temperature at 140°C, hold 0.25 min → 240°C (40°C/min), 3 min hold and post-run 140°C for 0.2 min. Total run time was 6 min x 100 runs; excluding cooldown. PFC parameters: transfer line 250°C, switch temperature 260°C and PFCtrap temperature was at room temperature with a fan as a cooling source. Seven traps from 0-6 were used for fraction collection where traps 0-2 were 100 µl traps and traps 3-6 were 1 µl traps.
Subfractions of fraction 23, denoted as 23.0 for the subfraction collected in trap 0, were collected at the following intervals: (23.0, 0-3.08 min and 5.5-6 min), (23. 
External in vitro validation
Relative quantification of fraction 23 and its subfractions (23.0-23.6) with subsequent inoculation of C. puteana on the concentration corresponding to the previous 1000 ppm for each subfraction was performed. Subfractions of fraction 23 were analysed on the GC-MS system in triplicate measurement with the following GC program: Inlet 275°C, split 500, constant flow 1 ml/min of helium, initial oven temperature 50°C, 1 min → 220°C (7°C/min) → 270°C (20°C/ min), 5 min. A split of 250:1 for trapped compounds with lower concentrations and split 500:1 for those with higher concentrations. The amount corresponding to a total concentration of 25 mg/plate of fraction 23 was calculated by taking the triplicate average area under the curve of three primary ions from three different peaks, if three peaks were present, for each trap and fraction 23. The ratio between fraction 23 and its subfractions was used to determine the volume of each fraction of 23. The calculated volumes were added to beakers and left in the hood to evaporate to dryness. Hagem agar was thereafter added to the beakers, autoclaved and poured into Petri dishes. Controls were: Fraction 23 as an interprotocol control prepared as previously described and C. puteana by itself as a positive control. No replicates were made due to the low amount of material obtainable through preparatory GC. Growth of C. puteana was recorded for six days after three days of inoculation.
Results and discussion
The economically important wood-decaying brown-rot fungus C. puteana was used to assess antagonistic and synergistic effects of turpentine fraction mixtures. A similar approach previously identified eugenol as an antimicrobial substance from a collection of one-hundred and fifty-eight essential oils [42] . Whereas they used different natural sources, we performed comparable work using the same raw material. By mixing fractions according to a quadratic D-optimal design, the parametrical search space increases and enables a deeper probing into the causation of the underlying bioactive effects of turpentine fractions.
Composition and effectiveness of turpentine fractions against C. puteana
Fractionation of turpentine revealed 128 compounds, with 76 putatively identified compounds containing some that would otherwise be undetectable in a crude sample injection. Fractions were generally complex and individual fractions consisted of approximately 91 compounds in varying concentrations ( Table 2 ). The main constituents of crude turpentine are 74% monoterpenes, 13% sesquiterpenes, 1% diterpenes and 12% high molecular weight compounds such as the resinous acids (palmitic, pimaric, abietic, dehydroabietic, behenic, isopimaric) [26] . In comparison, 1,10-diepicubenol, the compound present in the highest concentration in fraction 23 accounts for only 0.15% in crude turpentine. The lowest boiling fraction consisted mostly of the sesquiterpenes α-gurjunene, longifolene and α-terpineol while fraction 23 was abundant in the sesquiterpene δ-cadinene, the oxygenated sesquiterpene 1,10-diepicubenol and the diterpene cembrene. It is commonly assumed that the bioactivity of essential oils is principally caused by their major components [43] [44] [45] [46] . In contrast, other research has demonstrated that minor components of essential oils are critical to synergistic activity [47] .
In this work, we exclusively assayed those minor components. All fractions of turpentine as well as turpentine fraction mixtures were Table 2 Turpentine constituents and their relative composition in each fraction. RM and FM refer to reverse (R) and forward (F) library matches while RKI and MKI denote reference and measured Kovát's index, respectively. The type column symbolises the compound class as: A = Aromatic; AH = Aldehydic terpene; D = Diterpene; S = Sesquiterpene; HS = Hydroxylated sesquiterpene; HT = Hydroxylated monoterpene; and UA = unsaturated aldehyde. The relative composition of fraction 18-23 is shown on the right-hand side. Missing values indicate absence or a relative composition below 1%. RT (continued on next page) (continued on next page) significantly different from the control according to Student's t-test (pvalues all below 0.005). For the individual fractions, hydrocarbon sesquiterpenes demonstrated lower antifungal efficacy while an increasing inhibition towards the oxygenated sesquiterpenes can be seen in Fig. 1 . It is known that fungi produce hydrocarbon sesquiterpenes and they should be naturally habituated towards them, but only a few fungal oxygenated sesquiterpenes have been reported [48] . For instance, growth of C. puteana was entirely inhibited by heartwood essential oil of Cupressus atlantica at 900 ppm with an approximate composition of 2.4% hydrocarbon monoterpenes, 44% oxygenated monoterpenes, 13% hydrocarbon sesquiterpenes and 33% oxygenated sesquiterpenes [49] . Moreover, an induced systemic response comparable to fungal attack can be mediated by the application of methyl jasmonate. Following the systematic onset of Norway spruce defensive mechanisms by the substance, significantly increased levels of monoterpenes after 10-15 days is followed by raised diterpene levels after approximately 10 days. However, sesquiterpene concentrations remain relatively unaltered [50] . Congruent with the steady-state of hydrocarbon sesquiterpenes after defence induction, fractions 18-22 that chiefly contain these sesquiterpenes exhibited the lowest overall activity against C. puteana (Table 2 ). Hence, our study supports the fact that oxygenated terpenes are more effective as antifungal agents than their hydrocarbon counterparts. A sharp increase in growth inhibition potential of turpentine fraction on C. puteana can be seen from fractions 22-23 ( Fig. 1) . Fraction 23 is the only fraction containing diterpenes and the marked activity may have been attributable to their presence, as seen by the production of this compound class following defence induction [50] .
In relation to the other fractions, the sudden and complete growth inhibition property of fraction 23 against C. puteana was striking ( Fig. 1) . Nevertheless, the actual growth rate efficacy of fraction 23, as measured in mm day −1 , was left undetermined. This would implicate calculations and non-linear effects could falsely be determined as relevant. By solving the overdetermined system of linear equations in Fig. 1 , the effect of fraction 23 at 1000 ppm was estimated as −0.513 mm day −1 with a relatively large residual of 0.33 mm day −1 . This estimation was subsequently used in all non-linear effect calculations.
Non-linear effects
One objective of this study was to investigate if non-linear effects could be identified when recombining fractions. Growth rate of the brown-rot fungi C. puteana growing on agar plates supplemented with mixed and individual turpentine fractions are shown in Fig. 1 . The mixtures showed the presence of expected linear effects but also synergistic and minor antagonistic effects. In general, most combinations showed linear behaviour with the MOIs centred close to zero. On the other hand, strong synergistic growth-inhibiting effects were most noticeable for M21 as the MOI was immeasurable due to the observed growth rate of 0 mm day −1 . Other synergistic effects were noticed for M25 and M14 with MOIs of −2.6 and −1.4, respectively. In contrast, the highest antagonistic MOI was observed for M16 with MOI = 0.38. Other potentially antagonistic interactions were observed for mixtures M6, M11, M18 and M28. In our case, the observed non-linear effects are not caused by additive synergism, as the mixing of fractions is a zerosum approach.
Despite rigorous methods for adding turpentine and inoculum plug, a high variation was observed for M13 and M25 where only one replicate grew. For mixture 15, only two replicates grew. This should signify that the applied substances were close to the biocidal threshold and that the fungus could overcome its hostile environment due to tiny variances in experimental conditions. An additional test for non-linear effects using a chemometrics approach was employed. Multivariate data analysis of fractions with unit variance scaled OPLS-models with no interaction terms [OPLS, R 2 X (cum) = 0.403; R 2 Y (cum) = 0.833; Q 2 (cum) = 0.81, (1 + 2) components] was contrasted with all cross interaction terms [OPLS, R 2 X (cum) = 0.43; R 2 Y (cum) = 0.873; Q 2 (cum) = 0.821, (1 + 5)] and cross interaction terms from potentially synergistic and antagonistic mixtures as observed in Fig. 1 [OPLS, R 2 X (cum) = 0.768; R 2 Y (cum) = 0.892; Q 2 (cum) = 0.851, (1 + 7) ]. The latter model showed the highest predictive power and its score plot is shown in Fig. 2a . The scores show that the nine center replicates are clustering close to the origin. The combination of the score-wise dispersion pattern, the center-clustering of technical replicates and their principally accurate estimation of their antifungal effect from individual fractions (Mix 30-32, Fig. 1 ) suggest a linear dose-response for individual fractions at the tested concentration range. Coefficients of interaction terms 18⊗22 and 18⊗23 were indicated as having synergistic effects on fungal growth (Fig. 2b) . The cause of synergism may stem from: differential action on the same or different targets in regulatory pathways; inhibition of necessary biodegradation enzymes to improve bioavailability of the active compound (s); or overcome resistance mechanisms [27] . According to the same model, interactions 21⊗22 and 21⊗23 have an antagonistic effect on C. puteana fungal growth rate when mixed together. Mechanism of interactions that produce antagonistic effects have been less studied and usually originate from same-target competition or chemical interaction among compounds [47] .
Non-linear effects on a per compound basis revealed an antagonistic effect between the sesquiterpene δ-cadinene and the hydroxylated sesquiterpene 1,10-diepicubenol by a cross-interaction model [OPLS, R 2 X (cum) = 0.903; R 2 Y (cum) = 0.857; Q 2 (cum) = 0.8, (1 + 6) components]. The results are presented in-text due to clarity difficulties when making interaction plots with a large number of variables. Sesquiterpenes cadinene, muurolene, calamene and α-amorphene also showed potential antagonism with the oxygenated sesquiterpenes and the diterpene cembrene. Due to the high efficacy of fraction 23 in comparison with the other individual fractions, the lower efficacy of mixtures may also occur by dilution of the more potent substances present in the fraction. The hydroxylated sesquiterpene α-cadinol seems to be involved in both synergistic and antagonistic activity with 1,10diepicubenol and δ-cadinene, respectively. 
Estimation of individual compound efficacy
As discussed above, the topic of non-linear effects was one goal with this study but we also aimed to assess the efficacy of each individual compound. For this purpose, an OPLS model of the D-optimal mixture design with one predictive and three orthogonal principal components was setup [R 2 X cum = 0.954, R 2 Y cum = 0.83, Q 2 cum = 0.817]. Statistical validity of the model was examined by fitting a new model to 100 random permutations of the response variable and comparing R 2 cum and Q 2 cum with the original model. The line going through the new models intersected the y-axis at −0.22 and 0.01 for Q 2 cum and R 2 cum , respectively. If the permuted models consistently display lower values for both parameters, the original model is unlikely to have arisen out of pure chance. We thus estimated that the model correlated well with the fungal growth rate. Sixteen random samples spanning the observational space were used as prediction set and a new OPLS model (R 2 X cum = 0.954, R 2 Y cum = 0.839, Q 2 cum = 0.819) was built with the remaining observations. Predicted scores of the prediction set (data not shown) closely overlapped with their respective positions in the original model and RMSEP was found to be 1.2 mm day -1 for this internal test set. Combined, these results indicate a statistically robust model. It should, however, be kept in mind that the first and last distilled fractions are underrepresented in the model, given that the concentration of their individual constituents cannot be altered to the same extent as fractions in the middle.
Interesting turpentine components connected to C. puteana growth are shown in Fig. 3 . The two diastereomers epicubenol and 1,10-diepicubenol were found as potentially efficient antifungal compounds. Literature regarding the diastereomers antifungal activity on wooddecaying fungi only include them as minor components in essential oils from other sources and is similarly of minor value for approximating their efficacy. Herein, we provide the first wood-decaying antifungal activity using these diastereomers as major components. The cadinane sesquiterpenoid α-cadinol was likewise indicated as a potential antifungal. It has previously been shown to completely inhibit other basidiomycota members, namely, Trametes versicolor and Laetiporus sulphureus at a concentration of 100 ppm [51] . Structure-activity relationship investigation revealed that a double bond in a trans configuration coupled with an equatorial hydroxyl group showed the highest activity. The stereochemistry at the hydroxyl group was less crucial for activity than the geometric configuration of the double bond in the ring. Additionally, a correlation with the hydrophobicity of cadinol derivates revealed that more hydrophobic derivates were more effective [52] . Given that the double bond geometry is the same for both substances, the activity of α-cadinol (XLogP3-AA = 3.3) could be slightly higher than the structurally related isomers of cubenol (XLogP3-AA = 3.7) and its epimers.
Contrary to the inhibition indicated for the α-cadinol and cubenol epimers, the sesquiterpenes α-gurjunene, longifolene and possibly germacrene show an opposite or lower effect (Fig. 3 ). This is curious since the latter compounds are present in high amounts in both fraction 18 and fraction 19 that showed low individual activity but high synergistic activity. A reasonable explanation could be a differential mode of action or that minor components in those lower-boiling fractions exhibit stronger than expected synergistic effects.
Such low-level compounds that also demonstrate a different mechanism may be aromatic compounds. Especially aromatics with a hydroxyl group such as carvacrol and thymol, are highly effective antifungal agents down to 79.8 ppm against Saccharomyces cerevisiae [53] . Interestingly, hydrophobicity alone cannot explain the observed efficacy as p-cymene, a precursor of carvacrol with a higher lipid partition coefficient, is non-toxic. The hydroxyl group of carvacrol is crucial for toxicity in single-cell microorganisms as noticed against Bacillus cereus [54] and enzyme inactivation has been presented as the fundamental mechanism for the toxicity of phenolic compounds [55] . The S-plot shown in Fig. 3 indicates ar-himachalene as the most effective aromatic in turpentine fractions. Ar-himachalene, contrarily, lacks this crucial moiety and the modelled effect is therefore questionable. This shows that individual estimation of a compound's efficacy is non-trivial and that further studies with isolated ar-himachalene are necessary to thoroughly establish this compound and the other compounds as effective antifungal agents.
Efficacy of fraction 23 subfractions
To verify or reject assumptions based on the model, preparatory GC was used to further divide fraction 23 into subfractions (23.0 -23.6, Fig. 4 ). The cut-off, corresponding to 0-31.6 min, was selected so that subfraction 23.0 was constituted mainly of the sesquiterpenes αamorphene and δ-cadinene as well as ar-himachalene. It was thus separated from the hydroxylated sesquiterpenes epicubenol and 1,10diepicubenol in subfraction 23.1 (31.6-38.2 min). Furthermore, the cutoff of subfraction 23.5 was selected to enrich the diterpene cembrene. The trend (n = 1) in growth rates for subfractions were, in ascending order: Fr23 = 23.0 = 23.1 (0 mm/day), 23.5 (6.6 mm/day), 23.3 (6.94 mm/day), 23.4 (7.2 mm/day), 23.6 (7.2 mm/day), control (8.1 mm/day), 23.2 (8.3 mm/day). Subfractions 23.0 and 23.1 completely inhibited growth of C. puteana at their approximately corresponding concentration levels when undivided fraction 23 was applied.
According to the cross-term OPLS model with individual compounds, subfraction 23.0 constituents are less effective than subfraction 23.1 that contains most of the potent inhibitory compounds. This result was uncorroborated after preparatory GC, which suggests that ar-himachalene may still be a potent antifungal compound even without the hydroxyl moiety, as mentioned in the final paragraph of Section 3.3.
In Section 3.1, the presence of diterpenes was suggested as a possible reason for the increased inhibitory effect of fraction 23 (Fig. 1) . Our model also supported this claim (Fig. 3 ). Yet, the isolation of the diterpene cembrene did not exhibit a strong antifungal effect. The weak activity contra the predicted effect of cembrene is potentially caused by the loss of synergism or due to its correlation with other constituents of fractions 23, thereby boosting its relevance in the model. The ambiguous interpretation of cembrene underlines the need for further testing, as well as more efficient strategies for the decorrelation of matrix constituents.
Conclusions
We explored the recombination of a fractionated mixture to estimate non-linear and antifungal efficacy of individual compounds. Both synergistic and antagonistic effects were detected by mixing turpentine fractions. For compound assessment, we performed preparatory GC that corroborated ar-himachalene as a putative antifungal compound. This separation also allowed us to strengthen our suggestion of the oxygenated sesquiterpene 1,10-diepicubenol as a potent C. puteana growth inhibitor. Taken together, our study highlights the possibility to recover synergistic effects by recombining turpentine fractions for efficient antifungal use of turpentine.
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